In this paper, numerical simulations and experimental tests are performed on the Al6061 laser welded joints. In order to identify the dimensions of different weld regions, hardness tests are performed across the welded joint. Mechanical properties of different weld regions are obtained from tensile test results of flat specimens extracted from the base material (BM), the fusion zone (FZ) and from the heat affected zone (HAZ), respectively. Fracture toughness tests are performed on compact tension specimens (C(T)) with the initial crack located in the BM, in the center of the FZ and at the interface between the FZ and the HAZ, respectively. The Rousselier model is employed to study the ductile fracture behavior of Al6061 laser welded joints numerically. Based on metallographic investigations and numerical calibration results for notched round specimens, the initial void volume fraction ( ) and the average void distance (l c ) for the Rousselier model can be fixed for the BM, the FZ and the HAZ. The same Rousselier parameters are used to predict crack propagation in C(T) specimens with different initial crack positions. Computer simulations are compared to the experimental results in terms of force vs. Crack Opening Displacement (COD) as well as fracture resistance J R curves. It is concluded that the Rousselier model can predict well ductile crack growth in the weld joint.
Introduction
Since their invention, aluminum alloys (e. g. Al6061) have wide applications in automotive and aircraft industries due to their excellent mechanical performance and physical properties like good corrosion resistance and high strength to weight ratio. These applications require appropriate crack growth resistance because the crack behaviors of the components affect the serving lifetime and the safety of the structures. As an improvement of new welding technologies, high strength aluminium welded joints are used widely in aircraft and automotive industries due to the requirement of light structures. Due to the broad application of aluminium welded joints, a number of theoretical and experimental studies have been performed in recent years to focus on the mechanics of such joints.
Recently, investigations of mechanical properties, fatigue life, damage tolerance and weldability performance about the aluminum alloys have been carried out [1, 2] . Some damage models, e. g., the GTN model [3] [4] [5] and the Rousselier model [6, 7] , were developed to describe the fracture behaviour of ductile material. After the initial study of the fracture behaviour of a laser welded joint [8, 9] , the GTN model was used to study the ductile fracture behaviour of a laser welded joint [10] [11] [12] [13] . The Rousselier model is easier to use compared to the GTN model as the Rousselier model possesses less model parameters. Similar to the GTN model, the Rousselier model is able to predict the crack propagation of an electron beam welded steel joint [14, 15] . In this article, the Rousselier model is adopted to study the fracture behaviour of aluminum laser beam welded (LBW) joints.
Experimental investigations
In this paper, aluminum Al6061-T651 alloy (T651 temper: Solution-heat-treated, water-quenched and aged and stress-relieved by stretching) is adopted as the base material (BM) for producing the weldments. 8mm thick plates were butt welded with a 6KW CO 2 laser beam. The chemical components of Al6061-T651 measured by spectrometric analysis at five random points on the BM are shown in Table 1 . In order to obtain the mechanical properties of the Al6061 base material, standard smooth round specimen were tensile tested with the MTS Sintech 65/G testing machine at room temperature. Three round specimens named RB1-RB3 with the diameter of 10 mm and a gauge length of 50 mm were tested and the engineering stress vs. strain curves are shown in Fig. 1 , demonstrating their close appearance, moderate strength and good deformability. Table 2 shows the mechanical properties of the aluminum Al6061 containing Young's modulus, yield stress , tensile strength , uniform strain and strain at rupture . Notched cylindrical specimens with 4 mm notch radius were extracted from the BM and tensile tested. The results are shown in terms of force vs. diameter reduction curves which will be used for the calibration of Rousselier parameters later. Fracture surfaces of notched round specimens obtained from scanning electron microscope investigations are shown in Fig. 2 . Large voids are connected with smaller voids and broken particles can be observed at the bottom of the dimples. This indicates that the fracture of Al6061 BM expected shows ductile behaviour and is controlled by void nucleation, growth and void coalescence. In order to define the precipitates presented in the base material, metallographic investigation are performed. As shown in Fig. 3 , two types of precipitates are observed in the base material: Al-Mn-Si phases and iron-rich particles (Mg, Al, Fe, Mn, Si and Cu). The chemical compositions of each type of precipitates are determined by EDX analysis and these precipitates are marked with different colors. For Al6061 alloy base material, Shen and colleagues observed in laminography experiments [16] , Al-Mn-Si phase damages at the early loading stage whereas the iron-rich particles break later during the material deformation process,. The authors show that both the Al-Mn-Si phase and iron-rich particle play the role of inclusions which nucleate voids under loading condition. In order to investigate the volume fraction of particles ( ) and the average distance between the neighbouring particles (l c ), optical microscope pictures are made on polished material. By optical separation of the particles and matrix, the volume fraction of particles ( ) for Al6061 base material is found as 0.0134 and the mean distance between the neibouring particles l c is 0.06 mm. Fe-rich
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Fracture toughness tests of Al6061 are performed on compact tension (C(T)) specimens of width W = 50 mm, the initial fatigue crack length a 0 is about 0.52W and the thickness = 6 mm). Two C(T) specimens named CT1 and CT2 were tensile tested and the results are displayed in terms of the force vs. crack opening displacement (COD) as shown in Fig. 4 . 
FE simulation
Within a thermodynamic framework, Rousselier [6, 7] developed a damage model to describe the ductile fracture behaviour of the material. In the Rousselier model, damage is defined by a variation of the void volume fraction originating from second phase particles under tensile loading. The general yield condition of the Rousselier model is as follows: (1) where is the von Mises equivalent stress, is the hydrostatic stress, is the void volume fraction (initial value ), and D are material constants, and is the current yield limit of the material. The initial void volume fraction, , is determined by the volume fraction of non-metallic inclusions, like the Ferich phases and the Al-Mn-Si inclusions for the present aluminum alloy. When the critical void volume fraction ( ) is reached, the element loses its stress carrying ability completely [7, 17] . In this paper, =0.1 is adopted for all the simulations according to the GKSS report [18] . The first try for Rousselier parameter can be set as , where is the equivalent stress when the fracture happens for the smooth round specimen [7] . For Al6061, the value is set equal to 211 MPa. In the framework of damage models, a crack is supposed to expand from void to void. This can be imitated by the finite element model that the crack growths from integration point to integration point. For the Rousselier model, if a rectangular finite element with reduced integration is adopted, the distance between integration points is equal to l c value which is half of the element size. The Rousselier parameter D is constant and is set equal to 2, which is suggested by Rousselier [6] . From these explanations, the initial void volume fraction and average distance between voids l c are the only Rousselier model parameters to be fixed.
In this work, the Rousselier parameters can be fixed based on a combination of experimental investigations and numerical calibration on the notched round specimens. The same Rousselier parameters are used to predict the crack propagation of C(T) specimens. All the simulation activities are done by ABAQUS software with the Rousselier model as a user subroutine (UMAT) [18] .
For the notched round specimens extracted from the BM, as the geometry and loading are axisymmetric and symmetric with respect to the cross section, one quarter of the structure was used for the modeling. Isoparametric 8 node quadratic elements with reduced integration points are used. The finite element mesh of the notched round specimen and the detailed mesh are shown in Fig. 5 . For the BM, the comparisons between experimental and numerical results are shown in terms of force vs. diametral reduction (F-ΔD) curves as displayed in Figs. 6(a)-(c) . 
Conclusions
Numerical investigations on the fracture behaviour of Al6061 BM are performed. Fracture surfaces of notched round specimen obtained from the Al6061 BM confirm that void initiation, growth and coalescence are the main reasons for ductile fracture. The Rousselier model is adopted to describe the ductile fracture behaviour. Before using the Rousselier model to predict the ductile fracture of C(T) specimens, the Rousselier parameters are fixed. As the voids are clustered in some regions, based on the metallographic investigations, numerical calibration is performed on notched round specimens extracted from the BM. The same parameters are used to predict crack propagation of C(T) specimens gotten from the BM. The comparison between the simulation results and the experimental one are shown in terms of F-COD curves. The application of the Rousselier model to predict the crack propagation of the LBW joint is under way.
